Overwhelming evidence indicates that the effects of ␤-amyloid (A␤) are dose dependent both in vitro and in vivo, which implies that A␤ is not directly detrimental to brain cells until it reaches a threshold concentration. In an effort to understand early Alzheimer's disease (AD) pathogenesis, this study focused on the effects of subthreshold soluble A␤ and the underlying molecular mechanisms in murine microglial cells and an AD transgenic mouse model. We found that there were two phases of dose-dependent A␤ effects on microglial cells: at the threshold of 5 M and above, A␤ directly induced tumor necrosis factor-␣ (TNF-␣) release, and at subthreshold doses, A␤ indirectly potentiated TNF-␣ release induced by certain G-protein-coupled receptor (GPCR) activators. Mechanistic studies revealed that subthreshold A␤ pretreatment in vitro reduced membrane GPCR kinase-2/5 (GRK2/5), which led to retarded GPCR desensitization, prolonged GPCR signaling, and cellular hyperactivity to GPCR agonists. Temporal analysis in an early-onset AD transgenic model, CRND8 mice, revealed that the membrane (functional) GRK2/5 in brain cortices were significantly reduced. More importantly, such a GRK abnormality took place before cognitive decline and changed in a manner corresponding with the mild to moderate soluble A␤ accumulation in these transgenic mice. Together, this study not only discovered a novel link between subthreshold A␤ and GRK dysfunction, it also demonstrated that the GRK abnormality in vivo occurs at prodromal and early stages of AD.
Introduction
Understanding early Alzheimer's disease (AD) pathogenesis holds the key for establishing effective prevention and early treatments for the disease. Multiple lines of evidence indicate that, whether resulting from an inherent genetic mutation or caused by an as yet insufficiently understood environmental insult(s), over-accumulation of ␤-amyloid (A␤) in AD brains appears to be at least one of the common points in which multiple initiating pathways may converge (Hardy and Selkoe, 2002) . In this regard, most previous studies used highly concentrated fibrillary A␤ to reveal its direct cellular effects, such as cytotoxicity and glial activation (Yankner et al., 1989; Iversen et al., 1995; Meda et al., 1995; Suo et al., 1997) , whereas the recent trend appears to favor a pathogenic role of soluble A␤ (Walsh et al., 1997 (Walsh et al., , 2002 Crawford et al., 1998b; Hartley et al., 1999; Lue et al., 1999) .
Transgenic (Tg) mice that overproduce A␤ have been shown to mimic AD-like cognitive impairment and most AD-like pathologies, except for formation of typical neurofibrillary tangles (NFTs) (van Leuven, 2000; Richardson and Burns, 2002) . Moreover, aside from some divergent evidence to the contrary (Moechars et al., 1999) , many Tg mouse and human studies indicate that, although A␤ levels in AD or Tg mouse brains are significantly elevated long before the disease onset (cognitive decline) compared with their corresponding controls, the cognitive impairment does not necessarily occur until A␤ accumulates to a certain level. Therefore, we propose that there exists a "threshold" for A␤ to produce direct detrimental effects in the brain, whereas investigation of effects of subthreshold A␤ on various brain cells may reveal pathogenetic mechanisms at prodromal or early stages of AD. In addition, because A␤ is generated in soluble forms, principally composed of oligomers (Walsh et al., 2002) , soluble A␤, rather than fibrillary A␤, should be used to study early AD pathogenesis.
In support of our hypothesis, previous studies have revealed two distinct phases of dose-dependent effects of A␤ on vascular tissues. For example, with a minimum effective concentration (EC min ) of ϳ4 M, A␤ dose dependently increased vascular cytotoxicity in hours or days Wang et al., 2000; Mok et al., 2002) . On the other hand, although nanomolar (subthreshold) A␤ had no direct effects, it sensitized vascular cells in a dose-dependent manner (with an EC range of 20 -1000 nM) so that vasoconstrictions induced by phenylephrine or endothelin-1 (ET-1) were strongly potentiated (Thomas et al., 1996; Crawford et al., 1997 Crawford et al., , 1998a Paris et al., 2000) . Moreover, in vivo studies indicated that A␤ vasoactivity may be associated with the cerebral blood flow reduction frequently observed in early stages of AD patients (Suo et al., , 2000 Niwa et al., 2002) . Therefore, armed with the knowledge about effects of subthreshold A␤ on vascular tissues, this study attempted to characterize effects of subthreshold A␤ on microglia and to investigate the underlying molecular mechanisms with hope to gain some insights into the pathogenesis relevant to early stages of AD.
Materials and Methods
Materials. Previously, we found that A␤ peptides from different suppliers have different solubility and produce significantly variable data Crawford et al., 1998b) . Our results in these studies also suggested that A␤ peptides from BioSource (Camarillo, CA) consistently show the greatest solubility in aqueous solution and form a mixture of soluble A␤ primarily composed of A␤ conformational intermediates, as measured by circular dichroism spectrum , or soluble A␤ oligomers, as analyzed by Western blot (WB) analysis (our unpublished data). Therefore, synthetic A␤ 1-40 , A␤ 1-42 , and A␤ 40-1 used in this study were purchased from BioSource and prepared as described previously . Other reagents and their corresponding suppliers are listed below: human ␣-thrombin (Hematologic Technologies, Essex Junction, VT); polyclonal antibodies (pAbs) to proteaseactivated receptors (PARs), PAR1 and PAR4, and G-protein coupled receptor (GPCR) kinase 2 (GRK2) and GRK5 (Santa Cruz Biotechnology, Santa Cruz, CA); phospho-specific and total p44/42 MAPKs (mitogen-activated protein kinases) pAbs (Cell Signaling Technology, Beverly, MA); Griffonia simplicifolia isolectin B4-FITC, glutamate, lipopolysaccharide (LPS), poly-L-lysine, and alkaline phosphataseconjugated secondary antibodies (Abs) (Sigma, St. Louis, MO); Fluo-4, phalloidin-FITC, fluorescent-conjugated secondary antibodies, and dyes (Molecular Probes, Eugene, OR); mouse tumor necrosis factor-␣ (TNF-␣) ELISA kit (R & D Systems, Minneapolis, MN); precast SDS-PAGE gels (Novex, San Diego, CA); the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, IL); and polyvinylidene difluoride membranes (Millipore, Bedford, MA). Cell culture supplies, Iscoves modified Delbecco's medium (IMDM), DMEM, fetal bovine sera (FBS), and other routinely used reagents were from Sigma, Invitrogen (Carlsbad, CA), and Fisher Scientific (Pittsburgh, PA).
Tg-CRND8 mice on a C57BL/6 ϫ C3H/He mixed genetic background (Chishti et al., 2001) were weaned, genotyped, and single housed by age 4 -5 weeks before they were entered into this study. Care and use of these mice in this study were in compliance with National Institutes of Health regulations.
Cell culture and treatments. Primary microglial cultures were prepared from neonatal mouse (C57BL/6) brains as described previously (Suo et al., 2002 (Suo et al., , 2003a and maintained in DMEM with F-12 nutrient mixture containing 10% FBS and antibiotics. N9 clonal murine microglial cells, a gift from Drs. Bottani and Ricciardi-Castagnoli (Università Degli Studi Di Milano-Bicocca, Milan, Italy), were maintained in IMDM containing 5% heat-inactivated FBS, 2 mM L-glutamine, 50 M 2-mercaptoethanol, and antibiotics. Treatment of both primary and N9 microglial cells were performed under serum-free conditions. Unless specified, cells were always pretreated with A␤ for 5 min and then followed by challenge with ␣-thrombin (100 nM or as indicated), glutamate (2 mM), or LPS (5 ng/ml). Ca 2ϩ imaging. We measured [Ca 2ϩ ] i in microglial cells using Fluo-4 (2 M) with the aid of a Nikon Bio-Rad (Hercules, CA) Microradiance Plus triple laser scanning confocal microscope. Image collection, quantification, and data analysis were performed as described previously (Suo et al., 2002 (Suo et al., , 2003a .
Immunoprecipitation and Western blot analysis. Cultured cells were lysed in prechilled 2ϫ immunoprecipitation (IP) buffer I (20 mM Tris, pH 7.4, 300 mM NaCl, 2 mM EDTA, 2 mM EGTA, pH 8.0, 0.4 mM sodium orthovanadate, 2% Triton X-100, 1% NP-40, and 0.4 mM PMSF) supplemented with both phosphatase and protease inhibitor mixtures. After centrifugation, the supernatants were collected, and total protein concentrations were determined by BCA assay. Equal amounts (250 g) of cell lysates from each group were mixed with 20 l (ϳ5 g) of either PAR1 or PAR4 antibodies and brought to a total volume of 1 ml in 1ϫ IP buffer. After a 1 hr incubation at 4°C, appropriate secondary Ab-agarose conjugates were added, followed by incubation (30 min with agitation), centrifugation, and sufficient washes. The pellets were resuspended in 30 l of electrophoresis sample buffer and boiled for 5 min. The supernatants were directly used for SDS-PAGE and WB analysis. To prepare subcellular fractions of brain samples, we homogenized fresh or freshfrozen tissues in Tris-buffered saline solution (in mM: 10 Tris, pH 7.4, 150 NaCl, 1 EDTA, 1 EGTA, pH 8.0, and 0.2 sodium orthovanadate) supplemented with protease inhibitor mixtures. After centrifugation (12,000 ϫ g at 4°C for 15 min), the supernatants were collected as cytosolic fractions. The pellets were resuspended in 1ϫ IP buffer containing protease inhibitor mixture. After brief sonication and centrifugation (12,000 ϫ g at 4°C for 15 min), the supernatants were collected as membrane fractions. Both antibodies to GRK2 and GRK5 (Santa Cruz Biotechnology) were diluted 1:500 for WB. WB for total and phospho-specific p44/42 MAPK and other routine procedures were performed as described previously (Suo et al., 2002 (Suo et al., , 2003a . For semiquantitative analysis of protein band density, image of the blot was imported into NIH Image software, and the protein band density was analyzed with gel plotting macros. The raw data were expressed as mean density and then standardized against untreated control or otherwise specified separately. The analyzed data were expressed as fold changes over the standardized control and plotted into a bar graph.
Measurements of TNF-␣ production. TNF-␣ production in microglial culture media was measured and standardized as described previously using a mouse TNF-␣ ELISA kit (Suo et al., 2002 (Suo et al., , 2003a .
Immunocytochemistry and semiquantification of GRK subcellular distribution. Microglial cells were seeded onto poly-L-lysine-coated eightchamber slides at a density of 1 ϫ 10 4 per well. After treatments, cells were immediately fixed with prechilled (4°C) 5% acetic acid in methanol for 45 min at 4°C, followed by washing with PBS. The fixed cells were blocked and double stained with phalloidin-FITC (1:1000) and anti-GRK5 (1:500) or GRK2 (1:500). Secondary Ab-Cy3 conjugate (1:500) staining, washing, mounting, and confocal microscopic visualization were performed routinely as described previously (Suo et al., 2002 (Suo et al., , 2003a .
GRK subcellular distribution in A␤-treated microglial cells was semiquantified according to a previously published method (Barak et al., 1999) with slight modifications. Figure 4 , C and D, shows the selected cells that were chosen to elucidate the semiquantification. Briefly, the selected cell image corresponding to GRK staining (red) was copied, enlarged, inverted, and rotated to an appropriate position for quantification with NIH Image. Linear slices (5-10 per each cell) across the cell were profiled to estimate GRK subcellular distribution. Figure 4 , E and F, shows the examples of profiles for the blue-line indicated levels in C and D, respectively. The red and green areas represent the membrane and cytosol, respectively. The sum of areas for the membrane and cytosol from all slices in each cell represents GRK subcellular distribution in this particular cell. For each treatment, 20 randomly selected cells were quantified, and the average data were shown.
Statistical analysis. All qualitative experiments [i.e., WB, IP, and immunocytochemistry (ICC)] were repeated at least three times for each sample or treatment, and all WBs and ICC for GRK5 and GRK2 were also subjected to semiquantitative analysis to ensure maximal accuracy of the conclusion drawn from these data. Calcium imaging data were averages taken from three separate experiments. TNF-␣ measurements were repeated once with a total of n ϭ 6 for each treatment. Quantitative data are expressed as mean Ϯ SEM and analyzed by ANOVA using StatView 6.0 (Abacus Concepts, Mountain View, CA). Post hoc comparisons of means were made using Scheffe's or Tukey's methods when appropriate.
Results

Subthreshold A␤ increases microglial sensitivity to GPCR activators
To determine whether A␤ also has two different phases of dosedependent effects on microglial cells, as it does in vascular cells, we first tested the effects of 500 nM freshly solubilized A␤ 1-42 on TNF-␣ secretion induced by increasing doses of thrombin in primary mouse brain microglial cultures (Suo et al., 2002 (Suo et al., , 2003a . As shown in Figure 1 A, A␤ alone did not induce TNF-␣ increase compared with the untreated control. Cells pretreated with A␤ for 5 min, followed by increasing thrombin exposure for 24 hr produced significantly more TNF-␣ than those without A␤ pretreatment ( p Ͻ 0.01; A␤ pretreatment status vs thrombin dose by two-way ANOVA). These data suggest that A␤, at a dose that does not have a direct effect (subthreshold), can indirectly potentiate thrombin-induced TNF-␣ release in microglia. This encouraged us to further characterize the dose-dependent effects of A␤ on microglial cells. As shown in Figure 1 B, when a series doses of A␤ 1-42 were exposed to N9 clonal microglial cell line (Suo et al., 2002 (Suo et al., , 2003a for 24 hr, a dose-dependent effect of A␤ on TNF-␣ release became significant ( p Ͻ 0.05; A␤ dose by one-way ANOVA) only when the doses within the nanomolar range were omitted. The EC min for A␤ to produce the direct effect was 5 M ( p Ͻ 0.05; post hoc comparisons of the means by Scheffe's test). Nevertheless, although nanomolar A␤ had no direct effects on TNF-␣ release, pretreatment of the cells with the nanomolar A␤ for 5 min strongly and dose dependently ( p Ͻ 0.01; A␤ dose vs thrombin status by two-way ANOVA) potentiated TNF-␣ release induced by thrombin with an EC min of 20 nM and EC max of 500 nM. These results indicate that there are indeed two phases of dose-dependent A␤ effects on microglial cells. One phase reveals the direct A␤ effects, the other underlies the indirect A␤ effects on microglial cells, and the threshold to distinguish these two phases is within a few micromolar for A␤ .
In addition to thrombin, we also tested effects of pretreatment with A␤ on TNF-␣ release induced by glutamate (2 mM) and LPS (5 ng/ml) in N9 microglial cells (Fig. 1 B) . We found that both glutamate and LPS alone strongly stimulated TNF-␣ release ( p Ͻ 0.001 for both glutamate and LPS compared with untreated control by post hoc mean comparisons), whereas pretreatment with A␤ further increased TNF-␣ release induced by glutamate ( p Ͻ 0.001; A␤ dose vs glutamate status by two-way ANOVA) but not by LPS. Similar to that for thrombin, potentiation of A␤ on glutamate-induced TNF-␣ release was also dose dependent, with an EC min of 20 nM and EC max of 500 nM. A␤ doses higher than 500 nM remained significantly synergistic with both thrombin and glutamate (i.e., p Ͻ 0.05 for 20 M A␤ vs thrombin; p Ͻ 0.01 for 20 M A␤ vs glutamate) but tended to decrease with increasing A␤ concentrations (i.e., p Ͻ 0.05 for thrombin and p Ͻ 0.01 for glutamate when comparing 20 M with 500 nM A␤ effects). Analysis of the interactions between A␤ and LPS indicated that there were no significant interactions between subthreshold (nanomolar) A␤ and LPS, whereas results with micromolar A␤ and LPS were additive rather than synergistic. It is known that both thrombin and glutamate can act through GPCRs (Noda et al., 2000; Suo et al., 2002 Suo et al., , 2003a , whereas LPS activates non-GPCR Toll-like receptors (Hajjar et al., 2002) . Therefore, these results together infer that the subthreshold A␤ may preferentially enhance GPCR-mediated effects in microglial cells.
A␤ pretreatment induces prolongation of thrombin signaling
To understand the molecular mechanisms by which subthreshold A␤ sensitizes microglial activation induced by thrombin, we examined changes in thrombin signaling in A␤-pretreated microglial cells. We found that A␤ 1-42 (500 nM) induced a slow and moderate increase of free [Ca 2ϩ ] i that returned to basal levels within 4 min (Fig. 2 A) . Thrombin alone induced a steep increase of [Ca 2ϩ ] i that rapidly decreased to ϳ100 nM above basal levels and remained for at least 4 min. In contrast, in A␤-pretreated cells, thrombin induced a similar [Ca 2ϩ ] i increase that quickly decreased to ϳ350 nM above baseline but then slowly climbed to Ͼ450 nM without a subsequent decrease within the time observed. These data suggest that A␤ pretreatment resulted in prolonged calcium signaling triggered by thrombin in microglial cells. In addition, Western blots for total and phospho-specific p44/42 (Fig. 2 B) and p38 ( Fig. 2C ) MAPKs revealed increased phosphorylation of p44/42 and p38 MAPKs 20 min after A␤ (much less for p38 than p44/42), 15 min after thrombin, and A␤ pretreatment (5 min), followed by thrombin treatment (15 min). By 24 hr, both p38 and p44/42 MAPK phosphorylation in A␤ or thrombin alone-treated microglia returned to basal levels. However, phosphorylation of the p38 and p44/42 MAPKs remained elevated in cells pretreated with A␤, followed by thrombin. These data indicate that A␤ pretreatment also resulted in prolongation of thrombin-induced MAPK activation in addition to the prolonged calcium signaling in microglial cells. Together, these results suggest that pretreatment with subthreshold A␤ can lead to prolongation of thrombin signaling in microglial cells. Moreover, the effects of subthreshold A␤ take place in minutes (as indicated by the prolonged calcium signaling) and remain until the end of the experiments for at least 24 hr (as indicated by the MAPK changes and TNF-␣ release).
A␤ disrupts binding of GRKs to activated GPCRs
One possible mechanism leading to cellular hyperactivity to GPCR agonists is impaired GPCR desensitization. Because GRKs are primarily responsible for initiating GPCR desensitization (Premont et al., 1995; Hisatomi et al., 1998; Pitcher et al., 1998) , we questioned whether subthreshold A␤ has any impact on GRKs. Although regulation of many individual GPCRs by spe- A, Primary mouse brain microglial cultures were pretreated (5 min) with A␤ 1-42 (500 nM), followed by increasing doses of thrombin (24 hr) as indicated (n ϭ 4). *p Ͻ 0.01, A␤ pretreatment status versus thrombin dose by two-way ANOVA. B, N9 clonal murine microglial cells were exposed to increasing doses of A␤ 1-42 as indicated for 24 hr or for 5 min, followed by a single dose of thrombin (100 nM), glutamate (2 mM), and LPS (5 ng/ml), respectively, for an additional 24 hr (n ϭ 6). Compared with the untreated control, a single dose of thrombin (**p Ͻ 0.001), glutamate (**p Ͻ 0.001), or LPS (**p Ͻ 0.001) significantly stimulated TNF-␣ release. A␤ 1-42 alone can directly induce TNF-␣ release dose dependently but with doses higher than 5 M (threshold; *p Ͻ 0.05 compared with untreated control). Moreover, subthreshold A␤ 1-42 pretreatment (without direct effect) dose dependently potentiated effects of thrombin ( # p Ͻ 0.01, A␤ vs A␤/thrombin by ANOVA) and glutamate ( ## p Ͻ 0.001, A␤ vs A␤/glutamate by ANOVA) but not LPS ( p Ͼ 0.05, A␤ vs A␤/LPS by ANOVA) on TNF-␣ production in N9 microglial cells.
cific GRKs is still under investigation, previous studies have established that PAR1 is desensitized primarily by GRK5 at least in endothelial cells (Tiruppathi et al., 2000) , whereas GRK2 may participate in PAR1 desensitization as well (Hammes et al., 1999) . Therefore, to address whether subthreshold A␤ may interfere with interactions between GPCRs and GRKs, we first examined potential effects of A␤ on binding of activated thrombin receptors (both PAR1 and PAR4) to GRK5 and GRK2. For this purpose, we treated N9 microglial cells with ␣-thrombin (100 nM) for 30 sec in the absence or presence of pretreatment with A␤ 1-42 (500 nM) for 5 min. Equivalent amounts (250 g) of the cell lysates from different groups were used for IP with PAR1 and PAR4 Abs, followed by WB with GRK5 and GRK2 Abs. Compared with untreated microglial cells, 30 sec treatment with thrombin alone increased binding of PAR1 to GRK5 and GRK2, as well as PAR4 binding to GRK5 and GRK2 by ϳ90-, 30-, 4-, and 2-fold, respectively (Fig. 3 A, B) . Compared with the groups in the absence of A␤ pretreatment, the thrombin-induced increase in binding of both PAR1/4 to GRK2/5 was essentially abolished in the A␤-pretreated cells, although A␤ pretreatment itself induced a significant increase of nonspecific PAR1-GRK5 binding. The differential binding between different isoforms of GRKs and PARs in the cells without A␤ pretreatment agreed with those published previously in other cell types (Shapiro et al., 2000; Tiruppathi et al., 2000) , suggesting that microglial PAR1 is also desensitized primarily by GRK5 and to a lesser extent by GRK2, whereas PAR4 is barely under significant control by either GRK5 or GRK2. In the A␤-pretreated cells, the disrupted binding of GRKs to PARs strongly suggests that subthreshold A␤ can severely impair GRK-PAR (GPCR) interactions.
A␤ inhibits GRK-GPCR binding by reducing availability of membrane GRKs
The physical location of GRKs, which is determined at least in part by counterbalance between their binding factors in the membrane (i.e., phospholipids and G ␤␥ , etc.) and cytosol (i.e., calcium sensor proteins and cytoskeleton proteins, etc.) (Pitcher et al., 1998; Sallese et al., 2000; Kohout and Lefkowitz, 2003) , is a critical factor that regulates interactions (including binding) between GRKs and GPCRs. To determine whether subthreshold A␤ alters GRK subcellular distributions, we treated primary murine microglial cells cultured in serum-free medium with A␤ 1-42 (500 nM) for 5 min, followed by doublefluorescent staining with phalloidin-FITC and Abs to GRK2 or GRK5. As shown in Figure 4 , 5 min A␤ treatment induced a rapid translocation of GRK5 from the membrane to the cytosol. Moreover, A␤ also caused rapid formation of fibrillar actin (F-actin) as indicated by phalloidin staining, and the translocated cytosolic GRK5 partially colocalized with F-actin. In comparison, staining with GRK2 Ab confirmed its cytosolic location but did not reveal noticeable changes in response to the A␤ treatment (data not shown).
In a parallel experiment, we treated N9 microglial cells with A␤ 1-42 (0, 50, and 500 nM), A␤ 1-40 (0, 50, and 500 nM), and A␤ 40-1 (0, 50, and 500 nM) for 5 min, and the cell homogenates were separated into the membrane and cytosol fractions for Western blotting analysis of GRK2 and GRK5. We found that both A␤ 1-40 ( p Ͻ 0.05 by one-way ANOVA) and A␤ 1-42 ( p Ͻ 0.002 by oneway ANOVA) but not A␤ 40-1 induced dose-dependent transloca- Figure 3 . Effects of subthreshold A␤ pretreatment on the binding of GRKs to PARs. N9 cells were pretreated with A␤ 1-42 (500 nM) for 5 min and then challenged with thrombin (Thr, 100 nM) for 30 sec as in Materials and Methods. Cells were immediately lysed for IP and WB analysis. The bar graphs represent averages of three repeats of the same experiments as analyzed by densitometry. For both A (probed for GRK2) and B (probed for GRK5), lane M is the marker; the others are as indicated. The number on both y-axes indicates fold changes of the mean densities as standardized against the untreated control of IP with PAR1 for each blot. Separate two-way ANOVA followed by post hoc comparisons of the means (Scheffe's test) were made.
# p Ͻ 0.01 and ## p Ͻ 0.001 indicate the significance of the groups in the presence of A␤ pretreatment compared with the groups in the absence of A␤ pretreatment. *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001 are the levels of significance over the untreated controls in each corresponding measurement. Figure 2 . The effect of subthreshold A␤ pretreatment on prolonging thrombin signaling. A, N9 microglial cells were pretreated with 500 nM A␤ 1-42 (arrow 1) for 5 min, followed by treatment with 100 nM thrombin (arrow 2). Changes in [Ca 2ϩ ] i were measured from three separate experiments, as described previously (Suo et al., 2002 (Suo et al., , 2003a . Mean values at each point were plotted. Error bars were omitted to make the figure more legible, but the SDs were all Ͻ46.7 nM. For B and C, N9 microglial cells were pretreated with A␤ 1-42 (500 nM) for 5 min, followed by thrombin (Thr.; 100 nM) treatment for either 20 min or 24 hr as indicated. Western blots were performed as described in Materials and Methods with antibodies against phospho-specific and total p44/42 MAPKs (Pp44/42 and Tp44/42; B) and p38 MAPK (Pp38 and Tp38; C). Reprobe of the membranes with anti-␥-tubulin (␥-Tub) was used as an unrelated protein control. Cont., Control.
tion of GRK5 from the membrane to the cytosol, whereas none of the A␤ peptides had significant effects on GRK2 subcellular distributions (Fig. 5) . In addition, when N9 microglial cells were challenged with thrombin (100 nM) for 30 sec in the absence or presence of pretreatment with A␤ 1-42 (500 nM) for 5 min, we found that, in the absence of A␤ pretreatment, thrombin induced significant translocation of both GRK2 ( p Ͻ 0.001; mean comparisons) and GRK5 ( p Ͻ 0.05; mean comparisons) from the cytosol to the membrane. However, in the presence of A␤ pretreatment, thrombin failed ( p Ͻ 0.01; A␤ pretreatment status vs thrombin by two-way ANOVA) to induce significant translocation for both GRK2 and GRK5 from the cytosol to the membrane (Fig. 6) . Together, these results suggest that the subthreshold A␤ cannot only induce translocation of GRK5 (but not GRK2) from the membrane to the cytosol but also strongly inhibit the reverse translocation of both GRK2 and GRK5 back to the membrane when cells are challenged with a GPCR activator. In other words, the subthreshold A␤ can reduce availability of the membrane GRKs, which may contribute to the inhibited binding of PARs (GPCRs) to GRKs after challenging with thrombin in the presence of A␤ pretreatment.
GRK abnormality occurs before cognitive decline in Tg-CRND8 mice
Armed with the novel finding that subthreshold A␤ can strongly affect GRK subcellular distributions in vitro, we sought to further assess significance of the subthreshold A␤-induced GRK abnormality in vivo with particular interest of its significance in early AD pathogenesis. This was accomplished by analyzing the temporal changes in subcellular distribution of GRK2 and GRK5 in an early-onset AD transgenic mouse line, the Tg-CRND8 mice (Chishti et al., 2001) . Cortical (including hippocampal) homogenates of the Tg-CRND8 mice and their nontransgenic littermates (NTg) were separated into the membrane and cytosol fractions and analyzed by WB along with their total cortical extracts. We found that total brain GRK2 levels increased in mice in an age-dependent manner (within the age groups examined) for both the Tg and NTg animals. However, they were significantly higher in the Tg than in the NTg ( p Ͻ 0.01) (Fig. 7A) . Post hoc comparison of the means indicated that the total GRK2 levels in the Tg mice became significantly higher than that in the NTg at 10 weeks of age ( p Ͻ 0.05) and remained significantly upregulated at least until 19 weeks of age ( p Ͻ 0.01). Total brain GRK5 levels showed no statistically significant changes for either the age dependency or between the Tg and NTg mice (Fig. 7B) . The distinct age dependency for the total GRK2 and GRK5 levels in mouse brain agreed with that in peripheral tissues (Schutzer et al., 2001) , whereas a greater level of increase in the total GRK2 was genotype dependent. Of interest, the increased GRK2 in the Tg mice displayed primarily as high-molecular-weight bands (arrowheads) rather than the monomer (arrow). Moreover, such changes appeared to be age dependent and became more apparent in postplaque (16 and 19 week groups) Tg-CRND8 mouse brains. In contrast to GRK2, low-molecular-weight, rather than highmolecular-weight, GRK5 bands (arrowhead) appeared consistently in all groups examined without apparent differences in their intensity (Fig. 7B) .
When subcellular fractions were analyzed, we found that, compared with the NTg mice, both GRK2 and GRK5 in the membrane fraction were significantly decreased in Tg-CRND8 mice beginning as early as 7-8 weeks of age ( p Ͻ 0.05 for both GRK2 , and A␤ 40-1 (from top to bottom) on translocation of GRK2 and GRK5, respectively. C and D are semiquantitative analysis (n ϭ 3) for effects of all tested A␤ peptides on GRK2 and GRK5 translocation, respectively. Statistical analysis (one-way ANOVA; A␤ dose vs GRK subcellular distribution) indicated that none of the A␤ peptides had significant effects on GRK2 translocation, whereas both A␤ 1-40 (*p Ͻ 0.05) and A␤ 1-42 (**p Ͻ 0.002), but not A␤ 40-1 , dose dependently induced GRK5 translocation from the membrane to the cytosol. and GRK5), whereas increase of GRK2 ( p Ͻ 0.01) and GRK5 ( p Ͻ 0.05) in the cytosol was found even earlier, beginning at 5.5 weeks of age (Fig. 7C-F ) . Moreover, this reverse correlation of GRK subcellular distribution in the membrane and cytosol fractions persisted in later age groups. In addition, analysis of the subcellular fractions also indicated that both the high-molecularweight GRK2 and the low-molecular-weight GRK5 bands that were observed in the total cortical protein extracts appeared limited in the cytosolic fraction. In other words, the membrane GRKs appeared to remain monomeric all of the time, and the reduction of the membrane GRKs in the Tg mice, although later than the increase of the cytosolic GRKs, may have more important functional implications, at least in the sense of GPCR desensitization.
Tg-CRND8 mice encode a double-mutant form of APP695 (amyloid precursor protein) (KM670/671NL ϩ V717F) under the control of the PrP (prion protein) gene promoter and are a model of early-onset AD (Chishti et al., 2001 ). These mice display increased A␤ accumulation in brains with significant elevation beginning at 5.5 weeks of age for both PBS-and SDS-soluble A␤ 1-42 and for SDS-soluble A␤ 1-40 , although PBS-soluble A␤ becomes significantly elevated at 10 -11 weeks of age (G. T. Wong, unpublished data). Approximately 1 week after a sharp increase of brain A␤ 1-42 at 10 weeks of age, the cognitive decline ("disease" onset) becomes significant, whereas consistent appearance of amyloid plaques in all animals is even later, at ϳ13 weeks of age (Chishti et al., 2001 ). As shown above, the abnormal GRK subcellular distribution took place as early as 5.5 weeks in Tg-CRND8 mice and became more skewed with increased age, suggesting that the GRK abnormality observed in vivo was associated with the very early increase of brain-soluble A␤ levels. Moreover, because changes in both A␤ levels and GRK abnormality in the Tg mice occurred before the cognitive decline (disease onset at ϳ11 weeks of age), these in vivo observations imply that the GRK abnormality may be an early pathogenetic event manifesting at prodromal and early stages of AD that is closely associated with very early accumulation of brain-soluble A␤.
Discussion
This study was initiated by revealing that two phases of dosedependent A␤ effects existed in cultured microglial cells. One phase involves A␤, in the micromolar range, directly inducing microglial TNF-␣ release as demonstrated previously (Meda et al., 1995) . In addition to this known effect produced directly by A␤, we discovered that, in the subthreshold nanomolar range, soluble A␤, although insufficient to directly induce TNF-␣ release, can potentiate, in a dose-dependent manner, TNF-␣ release induced by other microglial activators, preferentially those that do so via GPCRs. Microglia-mediated inflammation is an important component of AD pathology (McGeer and McGeer, 2001 ). We showed recently that the ultimate coagulation factor, thrombin, a serine protease with elevated levels in AD brains (Akiyama et al., 1992) , can activate microglial cells (as demonstrated by TNF-␣ induction, inducible nitric oxide synthase, and CD40 upregulation, etc.) via activation of G-protein-coupled PARs (Suo et al., 2002 (Suo et al., , 2003a . In addition, relevant to AD, the excitotoxic neurotransmitter glutamate can also activate microglial cells (Taylor et al., 2002) , likely primarily through activation of G-protein-coupled metabotropic glutamate receptors (mGluRs), because we found that MCPG [(Ϯ)-amino-4-carboxy-methyl-phenylacetic acid] (a nonselective mGluR antagonist) reduced glutamate-induced TNF-␣ by 83.7 Ϯ 12.1%, whereas MK-801 [(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-5,10-imine maleate] (an NMDA receptor antagonist) reduced glutamate-induced TNF-␣ by 19.4 Ϯ 8.3% in N9 microglial cells (our unpublished data). Therefore, although many other factors (i.e., cytokines, chemokines, and CD40 ligand, as well as anti-inflammatory agents, etc.) may also influence microglial activation status, the use of thrombin and glutamate to study the A␤-potentiated microglial activation not only provides an in vitro model for GPCR-related mechanistic studies but also has direct relevance to further understanding the AD pathogenesis.
Previous studies pointed out that the signal transduction system in AD brain displays extensive hyperactivity (Saitoh et al., 1993) , particularly related to various GPCRs (Joseph et al., 1993) . More specifically, several authors indicated that the locus of the signal transduction deficits in AD appears to be at the "receptor-G protein interface" (Joseph et al., 1993; Fowler et al., 1996) , although particular responsible molecules remain to be identified. In this study, we demonstrated that subthreshold A␤ pretreatment in vitro induced membrane (functional) GRK reduction and cytosol GRK accumulation, which led to retarded GPCR desensitization and prolonged GPCR signaling, and resulted in cellular hyperactivity to GPCR agonists. Moreover, we found that, in the Tg-CRND8 mouse brains, although total GRK5 levels did not change significantly, total GRK2 levels increased age dependently in both the Tg and NTg brains. Moreover, the increase in total GRK2 levels in the Tg mice was more dramatic than that in the NTg mice and became statistically significant at 10 weeks of age, which was 1 week before the cognitive decline or "disease onset." Furthermore, both GRK2 and GRK5 in the Tg mice dis- played abnormal subcellular distributions compared with that in the NTg mice. The abnormality mainly appeared as reduced membrane GRK2/5 and increased cytosol GRK2/5. More importantly, the abnormal GRK subcellular distribution occurred several weeks before the cognitive decline, and the GRK changes appeared to be closely associated with very early accumulation of soluble A␤ in the brains.
A␤ is generated in soluble forms, principally composed of oligomers (Walsh et al., 2002) . As characterized previously, freshly solubilized A␤ peptides used in previous and the current study were primarily composed of soluble A␤ oligomers or A␤ conformational intermediates . Therefore, the effects and the molecular mechanisms revealed here may mainly apply to soluble A␤ oligomers or protofibrils rather than insoluble A␤ aggregates. In agreement with the in vitro findings, the GRK abnormality revealed in the Tg-CRND8 mice was closely associated with the mild to moderate A␤ accumulation at the preplaque stage (Chishti et al., 2001 ), suggesting that the GRK abnormality is associated with early pathogenic events in the disease process.
GRKs belong to a relatively new family of protein kinases, and most of the members were identified in the last decade or so (Hisatomi et al., 1998; Pitcher et al., 1998) . Of the seven known GRK isoforms, GRK1 and GRK7 are expressed almost exclusively in retina and GRK4 appears limited to testis, whereas GRK2/3 and GRK5/6 are ubiquitously expressed, including the brain (Pitcher et al., 1998; Kohout and Lefkowitz, 2003) . This study focused on the two most widely studied isoforms, GRK2 and GRK5, and it provided evidence of their abnormality in AD. However, whether other isoforms, such as GRK3 and GRK6, are also disturbed in AD remains to be clarified. In addition, the specificity of GRKs in the regulation of desensitization of a large variety of GPCRs has been a common concern in the field of GRKs (Kohout and Lefkowitz, 2003) . The current understanding is that, although there are only seven known GRKs and thousands of GPCRs, desensitization of GPCRs by GRKs is specifically regulated in an agonist-dependent manner (Hisatomi et al., 1998; Pitcher et al., 1998) . In addition to GRKs, other protein kinases, such as cAMP-dependent protein kinase and protein kinase C, can directly regulate GPCR desensitization as well (Kohout and Lefkowitz, 2003) . More convincing evidence that supports the relative specificity of GRKs to GPCRs came from genetically altered mice. For example, GRK5-deficient mice display phenotypes mainly relevant to an impaired desensitization in cholinergic but not dopaminergic neuronal activities (Gainetdinov et al., 1999) , whereas GRK6-deficient mice primarily show phenotypes relevant to an impaired desensitization in dopaminergic but not cholinergic neuronal activities (Gainetdinov et al., 2003) . Therefore, dysfunction of a particular GRK member is likely to cause impaired desensitization of a specific spectrum of GPCRs rather than all or most GPCRs nonspecifically.
As mentioned above, we used the thrombin-induced microglial TNF-␣ release as an in vitro model to study the mechanisms underlying the effects of subthreshold soluble A␤. There is no doubt that thrombin, and its several PARs, are beginning to be viewed as important injury and proinflammatory modulating factors that interact and intersect with inflammatory cascades in Figure 7 . Expression and subcellular distribution of GRK2 and GRK5 in Tg-CRND8 mouse brains. Cortical tissues of Tg-CRND8 mice and their NTg littermates (n Ն 4 for each group) were used for WB analysis as in Materials and Methods. A and B show the total brain GRK2 and GRK5 levels, respectively. Top blots represent examples of GRK2 and GRK5 WBs. The same blots were stripped and reprobed with anti-␥-tubulin (␥-Tub) as shown below. Bar graphs show the corresponding semiquantitative analysis (mean Ϯ SE). # p Ͻ 0.01 indicates the significance of the Tg age groups compared with the NTg age groups by two-way ANOVA. *p Ͻ 0.05 and **p Ͻ 0.01 indicate the significance of the mean compared with the corresponding 8 week groups. C, D (representative blots) and E, F (corresponding semiquantitative analysis) show analysis of subcellular distribution of GRK2 and GRK5 in the Tg-CRND8 and NTg mice. Arrows indicates monomeric GRK2 or GRK5; arrowheads point to the non-monomeric GRKs (highmolecular-weight bands for GRK2 and low-molecular-band for GRK5). M, Membrane; C, cytosol. For semiquantitative analysis, GRK levels in different subcellular fractions and each individual age group were standardized against the means of the corresponding NTg and were expressed as fold changes over the means of NTg. *p Ͻ 0.05 and **p Ͻ 0.01 indicate the significance levels of the means compared with the corresponding NTg fraction.
the CNS (Festoff, 2003; Suo et al., 2004) . However, our finding that subthreshold soluble A␤ induced a GRK abnormality and cellular hyperactivity to GPCR activators may not be limited to thrombin signaling on microglial cells. In addition to microglial cells, glutamate is known to be directly toxic to HT22 hippocampal neuronal cells via activation of its metabolic GPCRs (Stanciu et al., 2000) . We found recently that thrombin can induce rapid tau hyperphosphorylation and aggregation and delayed cell death in the HT22 hippocampal neurons through activation of G-protein-coupled PAR1 and PAR4 (Suo et al., 2003b) . When the HT22 cells are pretreated with a nontoxic subthreshold dose (500 nM) of soluble A␤ 1-42 for 5 min, both glutamate-and thrombin-induced HT22 cell death can be strongly potentiated (our unpublished data). Moreover, transgenic mice overproducing A␤ have increased vulnerability to glutamate cytotoxicity (Sandhu et al., 1993) and traumatic brain injury (Smith et al., 1998) . Therefore, additional investigations should be able to determine whether the subthreshold A␤-induced GRK abnormality plays a significant role in mediating the increased neuronal vulnerability to glutamate-thrombin toxicity induced by A␤. Furthermore, we showed previously that subthreshold soluble A␤ enhances vasoconstriction induced by phenylephrine or ET-1 (Thomas et al., 1996; Crawford et al., 1998a) , and this A␤ vasoactivity in vivo may be associated with the cerebral blood flow reduction frequently observed in early stages of AD patients (Suo et al., , 2000 Niwa et al., 2002) . Because receptors for both phenylephrine and ET-1 are also GPCRs, it would be interesting to know whether the A␤-impaired GPCR desensitization by GRKs also underlies the A␤ vasoactivity. Together, the GRK abnormality found in AD could have a fundamental impact on many important aspects of AD pathogenesis, including NFT formation, neurotoxicity, brain inflammation, and cerebral hypoperfusion, etc. Therefore, the potential importance of the GRK abnormality warrants additional investigations to specifically address the above-mentioned questions.
As discussed, although many questions remain to be answered, the fact that the GRK abnormality exists before the disease onset in AD indicates that one of the most important differences between AD and normal individuals may be that AD patients are more vulnerable to a variety of insults, including brain inflammation, stress, and trauma, etc. In other words, as a multifactorial causal disorder, the mild to moderate accumulation of soluble A␤ oligomers at prodromal and early stages of AD may function as the primary pathogenetic factor to cause GRK abnormality and cellular hyperactivity, which predisposes individuals to a vulnerable state without clinical phenotypes. Other factors, such as insoluble A␤ fibrils themselves (induce chemokines), brain trauma (activates thrombin), and stress (releases excess neurotransmitters such as glutamate or vasoconstrictors such as ET-1), as well as subclinical cerebral vascular complications, etc., then function as the secondary insults to trigger the disease onset and/or exaggerate the disease progression. Therefore, the immediate implication for AD prevention and therapy from this study is not only to reduce A␤ accumulation but also to avoid all such secondary insults.
